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Materials with no net magnetization are generally not magneto-optically active. While this is individually
true for a collinear antiferromagnet (AFM) and a topological insulator (TI), it is shown here that the magneto-
optic Kerr effect (MOKE) emerges when the TI and AFM films are proximity coupled. Because of the lack
of macroscopic magnetization, the AFM only couples to the spin of one of the TI’s surfaces breaking time-
reversal and inversion symmetry – which leads to a small µdeg MOKE signal. This small MOKE can be easily
enhanced by 5 orders of magnitude, via cavity resonance, by optimizing the AFM and TI film thicknesses on
the substrate. For slightly off-resonant structures, a 6◦ Kerr rotation can be electrically switched on by varying
the Fermi energy. This requires less than 20 meV, which is encouraging for low power spintronics and magneto-
optic devices. We further show that this simple structure is easily resilient to 5 % material growth error.
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Figure 1. MOKE from a thin-film collinear Antiferromagnet on top
of a thin-film Topological-Insulator. We specifically consider a NiO
film on Bi2Se3 thin-film grown on a SiO2 substrate.
The Faraday effect and the magneto optic Kerr effect
(MOKE) can be viewed as optical manifestations of the
Berry curvature. The optical response functions in MOKE
are analogous to those of the electrical Hall conductivity.
However, there are subtle differences and additional prob-
ing capabilities due to the inter- and intra-band transitions,
interface effects, and frequency- and directional dependen-
cies. These properties lead to magneto-optic effects in quan-
tum Hall devices[1, 2], quantum materials such as topologi-
cal insulators (TIs) [3–5], magnetised chiral systems[6], and
Skyrmions[7–11]. Magneto-optic effects are useful for de-
vice applications[12, 13]. Optical isolators exploit the Fara-
day effect, and polar MOKE is used to optically read out mag-
netically stored information[14–16]. Even with large macro-
scopic magnetizations, the Kerr rotation tends to be small –
barely one degree, for most magneto-optic (MO) materials
∗ amritde@gmail.com, These authors contributed equally
† tbhow001@ucr.edu, These authors contributed equally
‡ rlake@ece.ucr.edu
[17–22]. Some exceptions such as CeSb [23] rely on reso-
nance effects from the hetrostructure.
MOKE requires broken time reversal symmetry (TRS),
which is usually achieved by the presence of an external
magnetic field or macroscopic magnetization. Strongly mag-
netized materials, such as ferromagnets (FMs) show large
MOKE, but they also have large stray magnetic fields that
are undesirable for devices. Antiferromagnets (AFMs) are
more attractive since they have negligible stray fields and also
electrically switch much faster that FMs [24–26]. However a
collinear AFM with no stray magnetization generally will not
show MOKE, although there can be exceptions that we dis-
cuss below [27]. Typically, a TI that preserves TRS will not
display MOKE, although a few µdeg Faraday rotations from a
TI’s surface were recently detected using nonlinear magneto-
optics and circularly polarized pumps [28]. Observing MOKE
in TIs generally requires either external magnetic fields [3, 4],
magnetic doping [29], or proximity coupling to materials with
net magnetization [11, 30].
In this paper we show that a MOKE signature arises at the
interface of a TI and a collinear g-type AFM. This MOKE
signature can be enhanced by 5 orders of magnitude, to 1-2◦,
by using resonant enhancements from the structure and small
electric fields. This strong anomalous MOKE occurs in the
absence of external magnetic fields, stray magnetic moments,
or magnetic dopants.
The MOKE in this system is a result of the breaking of
symmetries that allow MOKE and the anomalous Hall ef-
fect (AHE) in non-collinear AFMs with no net magnetic mo-
ments [31–37], and the predicted voltage controlled MOKE in
a collinear AFM [27]. In a three dimensional TI, TRS is pre-
served, and the degenerate Kramers pairs of the surface states
exist on opposing surfaces. In a g-type AFM, TRS is bro-
ken by the opposing spin alignments on its bipartite lattice,
and, macroscopically, there is no net magnetization. Proxim-
ity coupling the AFM to one surface of the TI, breaks both
TRS and inversion symmetry, and this allows the system to
exhibit a non-zero MOKE with no net magnetic moment.
In this paper, we specifically consider a heterostrcuture as
illustrated in Fig. 1 with material parameters corresponding
to a NiO-film (AFM) grown on a Bi2Se3-film (TI) deposited
on a SiO2 substrate. The resulting Kerr rotation from a TI sin-
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Figure 2. (a) Bandstructure and (b) density of states (DOS) for TI
only (JH = 0, dashed blue line) and for TI:AFM (JH = 40 meV,
solid red line). The inset in (a) shows the higher energy gap and the
Rashba type dispersion that occurs with JH = 40 meV. (c) DOS as
a function of JH .
gle surface is tiny (∼ O[µdeg]) as expected. However huge
enhancements, resulting in 5 orders of magnitude increase in
the MOKE, are shown to arise by carefully choosing the film
thicknesses of NiO and Bi2Se3. The NiO layer and the SiO2
substrate form a cavity, which can boost the MOKE via cav-
ity resonance effects[23]. The resonant optical frequency is
film thickness dependent. We further show that Kerr rotations
of over 5◦ can be obtained by electrically biasing slightly de-
tuned structures. In general, expected film growth errors will
naturally detune the MOKE resonance. We show that for ±
5 % film-thickness errors, even in the worst case, at least 1
deg Kerr-rotations can still be obtained by applying an elec-
trical bias of under 20 meV. Overall this simple and practical
TI:AFm device can generate huge MOKE, while consuming
very little power. It is planar, compact and free of stray mag-
netic fields and external magnets. These features are very at-
tractive for practical spintronic devices, sharp MO switches,
MO memory and electro-optics including optical isolators.
The Model: The low energy zone-center effective Hamilto-
nian for a thin-film TI [38, 39] is H0(k) = τzhD(k) +mkτx,
where τz and τx are Pauli matrices, respectively represent-
ing the TI’s top and bottom surfaces and the hybridization
between them. hD(k) = h¯v(kyσx − kxσy) is the two-
dimensional Dirac cone Hamiltonian with Fermi velocity v
and mk = m0 +m1(k2x + k
2
y) is the interlayer hybridization.
We discretize this Dirac model and obtain the following tight-
binding Hamiltonian for an AFM proximity coupled to a TI,
H =
∑
i
c†ihici +
∑
〈i,j〉
(c†itcj + h.c.) + JH
∑
i
c†iσ
′
i · Sici.
(1)
where hi = (m0+ 4m1a2 )τx⊗σ0, the site indices 〈i, j〉 run over
all nearest neighbor sites, and ci = [ci,1,↑ ci,1,↓ ci,2,↑ ci,2,↓]T
is the spinor annihilation operator for site i and layers 1 and 2.
Here t ∈ {tx, ty} represents nearest neighbor hopping where
tx(y) = ± ih¯v2a τz⊗σy(x)−m1a2 τx⊗I . It is implied thatσ′ = I⊗
σ, where I is the identity, σ = {σx, σy, σz} is the Pauli spin
vector for the TI’s itinerant electron and S = {Sx, Sy, Sz}
is the spin-vector of the AFM. The TI’s surface spins interact
with the AFM’s spins via the Hund’s rule coupling term JH .
The electronic bandstructure (shown in Fig. 2(a)) and
Figure 3. Real and imaginary parts of the (a) diagonal- and (b) off-
diagonal optical conductivity for the TI alone and a coupled TI /
AFM. Note that (a) and (b) share the same legend. (c) Kerr rota-
tion and ellipticity and (d) reflectivities for TI alone and for a single
AFM:TI interface as denoted in the legend.
wavefunctions for the TI:AFM system are numerically cal-
culated using a 2 × 2 supercell, where the Ne´el vector of the
AFM texture is perpendicular to the TI’s surface. The TI’s top
surface is proximity coupled to a G-type AFM thin-film. We
assume periodic boundary conditions along x and y. We set
m0 = 6 meV, m1 = 0.2 eVA˚
2
, and v = 0.5 × 106 m/s. The
discretization length a = 10A˚ and JH = 40 meV. The Dirac
cone is trivially gapped at Γ due to the m(k) term, and this
gap is unaffected by the proximity coupling to the AFM.
The proximity coupling of the G-type AFM to the TI has
several effects. First, it increases the periodic unit cell from a
single tight-binding site consisting of two surfaces and 4 spins
to 4 tight-binding sites with two surfaces and 16 spins result-
ing in 16 bands. This doubling of the unit cell causes zone
folding of the Brillouin zone resulting in crossing of bands
at Γ at higher energies. The TI’s proximity coupling to the
AFM with JH = 40 meV does not affect the low energy levels
near the Dirac point. However a Rashba type gap opens at the
higher band crossing, as shown in Fig. 2 (a) and (b), and this
energy gap increases linearly with JH as shown in Fig. 2(c).
Since the bands are symmetric around E = 0, a similar gap
also opens below the Fermi level. The gapping and Rashba
type dispersion at the higher band crossing results in singular-
ities in the density of states on either side of the gap, as can
be seen in Fig. 2(b). These bands, resulting from broken in-
version symmetry, time reversal symmetry, and zone-folding,
are then involved in the optical transitions which lead to the
magneto optic properties of this system.
Dielectric Tensor Components: Magneto optic effects are
determined by the dielectric tensor which depends on the
band-structure and its topology. In particular for the po-
lar Kerr effect considered here, the Ne´el vector of the AFM
3is along z, which is perpendicular to the surface and par-
allel to the optical incidence. The x and y directions pre-
serve in-plane symmetry. The complex 3× 3 dielectric tensor
has [xx, yy, zz] diagonal terms and off-diagonal xy terms
which are topology dependent.
The matrix elements of the optical conductivity tensor are
obtained from the Kubo formula [40, 41],
σµν =
ie2
hL
∫
d2k
(2pi)2
∑
n,l
fnl(k)
ωnl(k)
(
Π(k)µnlΠ(k)
ν
ln
ω − ωnl(k) + iγ +
Π(k)µlnΠ(k)
ν
nl
ω + ωnl(k) + iγ
)
, (2)
where Πµnl(k) = 〈ψn(k)|vµ|ψl(k)〉 is the matrix element of
the velocity operator, vµ = ∂Hh¯∂kµ , where {µ, ν} ∈ {x, y}.
The energy broadening parameter γ = 17.5 meV for all cal-
culations. h¯ωnl(k) = En(k)−El(k) is the energy difference
of an optical transition between an unoccupied band n and an
occupied band l. fnl(k) = fn(k)− fl(k) where fn(k) is the
Fermi factor, however all calculations are performed at zero
temperature. L is the thickness associated with the TI surface
state taken to be 1 nm.
The velocity operator is similar to the Berry connection.
For a single surface this leads to a momentum space gauge
potential or an equivalent magnetic field. For a TI, the gauge
fields for each surface cancel each other unless the symmetry
between the top and bottom surfaces is broken, such as by an
AFM on one side. The resulting MO effects can therefore be
viewed as an optical manifestation of the Berry curvature.
Since an effective Hamiltonian has been used to obtain σµν ,
the missing higher band contributions are compensated for by
adding a κ/(ω + iγ) term to the optical dielectric tensor as
follows: µν(ω) = εoδµν − 4piiω σµν − κω+iγ , where εo is the
vacuum permittivity. κ is adjusted so that the relative zero fre-
quency dielectric constant 0 (obtained from the optical sum
rules) matches the known experimental value [42] for Bi2Se3.
For calculating polar-MOKE, the required complex in-
plane refractive index is n± =
√
± =
√
xx ± ixy
where, the +(−) signs represents right(left) circularly polar-
ized (RCP(LCP)) light propagation. The complex MOKE is,
Θk = θk + iξk where the Kerr rotation and ellipticity respec-
tively are,
θk = (∆+ −∆−)/2 (3)
ξk = (|r+| − |r−|)/(|r+|+ |r−|). (4)
Since the eigen-modes here are LCP and RCP, the Kerr ro-
tation angle can be expressed as the phase difference be-
tween these two modes. The complex phase ∆± is in
turn obtained from the Fresnel reflection coefficients r± =
|r±| exp(−i∆±). The observed reflective intensity is R± =
|r±|2. The MOKE in a multilayer thin-film structure can be
significantly altered by internal reflection at various interfaces.
At normal incidence, r± for N thin-films can be calculated
using a 2 × 2 characteristic matrix method [11, 43] in the
LCP/RCP eigenmode basis:
S± =
N∏
j=0
1
t±j,j+1
[
1 r±j,j+1
r±j,j+1 1
][
eiβ
±
j+1 0
0 e−iβ
±
j+1
]
(5)
Figure 4. The Kerr-rotation (θk) phase diagram shown as a function
of (a) dN and ω for dB = 10 nm, (b) dN and ω for dB = 40 nm, (c)
dN and ω for dB = 1.17µm and (d) dN and dB at ω = 125 meV.
where βj = (2pi/λ)njdj is a phase factor, dj is the thick-
ness of the jth layer and λ is the optical wavelength. The
Fresnel reflection and transmission coefficients at normal in-
cidence for each interface respectively are r±j,j+1 = (n
±
j −
n±j+1)/(n
±
j + n
±
j+1) and t
±
j,j+1 = (2n
±
j )/(n
±
j + n
±
j+1). The
resultant complex reflection coefficient is r± = S±12/S
±
11 =
|r±| exp(−i∆±) where S±µν ∈ S±.
Discussion: The calculated optical dielectric functions of
the TI with- and without the AFM layer are shown in Fig.
3(a,b). For the TI alone, the numerically calculated σxy is
zero (∼ O(10−64) – well below numerical precession). Once
an AFM is introduced on one side of the TI, the resulting σxy
increases to O(10−6) Ω−1m−2 as shown in Fig. 3(b). How-
ever there is no change in the diagonal optical conductivity,
σxx, as shown in Fig. 3(a). This is a significant result even
though σxy  σxx.
These effects can be directly observed using MOKE. The
resulting Kerr rotations, elipticity, and reflectivities for the
TI:AFM are shown in Fig. 3(c,d) for a single interface.
The Kerr rotation features can be understood by examin-
ing the approximate expression for complex MOKE: Θk ≈
xy/
(√
xx(1− xx)
)
(since xy  xx) [44]. The MOKE
resonance with θk ≈ 4 × 10−5 degrees occurs at ω(θmaxk ) ≈
4150 meV in the low energy regime as shown in Fig. 3(c),
which directly corresponds to the σxy peak in Fig. 3(b). There
is also a high energy MOKE resonance that occurs at 7.5 eV.
Using the 1 − xx resonance condition and the Drude model
it can be shown that this is near the plasma frequency ωp
[11, 45–48]. We extracted ωp=7.32 eV from σxy using the
optical sum rules [11]. Similarly, our extracted cyclotron fre-
quency ωc, from σxy , is 3.15 µeV, which is the effective ωc of
a single TI surface.
MOKE can be enhanced by the resonance effects that arise
from optimizing the film thickness of different materials. In
order to understand the effects of this for our system, we con-
sider a thin-film structure as shown in Fig. 1, where a NiO film
of thickness dN sits on a Bi2Se3 film of thickness dB . The
transfer matrices, Eq. (5), are used to calculate the MOKE
spectra of the multi-layer structures, assuming normal inci-
dence and in-plane material isotropy. The optical dispersion
relations for NiO were obtained from literature [49]. The
AFM:TI effects manifest themselves via n±. The refractive
index of air is used for the semi-infinite media above the NiO
layer, and the dispersive refractive indices of SiO2 were used
for the semi-infinite substrate [50].
For the TI:AFM device, the Kerr rotation angle’s phase di-
agram is shown in Fig. 4 as a function of ω, dB and dN . The
complete phase space is quite large. Therefore, representative
phase diagrams are shown in Fig. 4 where one of the param-
eters is held constant and the other two are varied. In Fig.
4(a) and (b), dB is held at 10 nm and 40 nm respectively. The
Kerr rotation angle θk has a considerable dependence on the
NiO film thickness as it creates the resonances in the TI:AFM
structure. For dB = 40 nm, θk reaches 0.5 deg for dN ≈
1200 nm. As shown in Fig. 4(c), with the NiO thickness fixed
at its near optimal value, a number of θk resonances begin to
appear, with the highest peak being at Bi2Se3 thicknesses of
about 40 nm at ω = 125 meV. Note that the θk resonances
occur at harmonics of ω, which is mainly dictated by dN . Fi-
nally, with ω fixed at 125 meV, the θk phase diagram is shown
in Fig. 4(d) as a function of dN and dB . An notable and sharp
θk resonance happens at dN = 1162 nm and dB = 37 nm.
The maximum Kerr rotation reaches 1.5 deg (for 1 A˚ thick-
ness resolution) – an enhancement of 6 orders of magnitude
compared to the value from the single surface. The ability to
tune θk to exceed 1 deg, is quite remarkable given that this
is a purely anomalous MOKE that manifests in a collinear
TI:AFM structure with no net magnetization and no external
magnetic field.
Next, we analyze the Fermi level dependent MOKE spec-
tra for the TI:AFM structure in Fig. 5. This phase dia-
gram is particularly important for electro-optic device ap-
plications as it provides an electrical handle to control the
anomalous magneto-optic effect in the TI:AFM. θk is shown
as a function of Fermi energy, Ef and ω for two cases:
{dN , dB} = {10, 10} nm and {1162, 37} nm. Although,
the {10,10}-nm case is not optimized, it experimentally eas-
ier to grow, it is easier to electrically gate, and its physics
is easier to explain even though the MOKE is quite weak.
The second optimized thicker structure will have added cav-
ity induced resonance effects but with very strong MOKE. In
θ k (deg) θ k (deg)
Figure 5. The Kerr rotation angle as a function of Fermi energy, Ef ,
and optical frequency, ω for (a) dB = 10 nm and dN = 10 nm and
(b) dB = 1.16 µm and dN = 100 nm. The insets are zoomed-in to
highlight the sudden switching behavior as a function of Ef .
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Figure 6. We show the (a) Kerr rotation and ellipticity and (b) the
reflectivity spectra for dN = dB = 10 nm. Next we show the (c)
MOKE spectra and (d) reflectivity spectra for dN = 1162 nm and
dB = 37 nm. The left (right) y-axis on all the plots is for Ef = 0
(Ef 6= 0).
Fig. 5(a), there is a sudden jump in θk when Ef crosses the
bandgap. As the Fermi level is further swept through the con-
duction bands’s Dirac cone, the number of optical transitions
steadily decrease, which makes θmaxk shift to higher frequen-
cies. These physical trends are further superposed on top of
the strong cavity induced resonances as shown in Fig. 5(b)
for the {1162, 37} nm structure. The MOKE resonances will
only appear at optical harmonics as determined by the cavity
(formed by NiO and the substrate). At Ef =7 meV, θk ∼ 6
deg resonance occurs. This θk resonance is still over 4 deg by
Ef =8 meV.
We further analyze the MOKE spectra and the reflectivity
for the two cases ({dN , dB} = {10, 10} nm and {1162, 37}
nm) in Fig. 6. In addition we also examine the MOKE as a
function of two different Fermi energies (Ef ). The left (right)
y-axis on all plots in Fig. 6 is for Ef=0 (optimal bias). Our
choice of the optimal bias for each structure was based on the
results of Fig. 7. As compared to the MOKE from the single
TI:AFM interface shown in Fig. 3, the low-frequency peak in
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Figure 7. (left-axis) The maximum Kerr rotation (θmaxk ) as a
function of Fermi energy (Ef ) for structures with ± 5% errors in
layer thicknesses. Here {d0N , d0B}={1162,37} nm and d±N(B) =
(1 ± 0.05) × d0N(B). (right-axis) The ω at which θmaxk occurs as
a function of Ef .
the Kerr rotation spectra is enhanced by 4 to 5 orders of mag-
nitude by the resonance effects that arise from the thin-film
thicknesses and interfaces. A number of subsequent smaller
MOKE resonances appear at higher harmonics of the funda-
mental peak at ω = 125 meV as expected. Maximum θk
is also accompanied by a corresponding dip in the reflectivity.
For the thinner-films in Fig. 6(a), the MOKE decreases mono-
tonically as a function of ω, as expected for the valance- and
conduction-band states on the TI’s Dirac-cone. This mono-
tonic behavior is absent for the thicker optimized {1162, 37}
nm TI:AFM structure as shown in Fig. 6(c) and (d). Instead,
multiple MOKE spectral resonances now appear at harmonics
of ω that are resonant with the optical-cavity like structure.
The maximum Kerr rotation is around 0.3 deg in Fig. 6(c), for
Ef=0, after rounding off {dN , dB} to the nearest nm. The fre-
quency at which the maximum Kerr rotation occurs, ω(θmaxk ),
mainly shifts with dN as shown in Fig.4-(b). These resonant
like enhancements can still be observed for growth errors in
layer-thicknesses.
The Kerr angle θk can be sharply boosted by 1 to 3 orders of
magnitude by applying a small bias to raise the Fermi energy
in the TI:AFM, as shown in Fig. 6 (right-axis). For EF=18
meV, θk exceeds 0.05 deg for the nm-regime thin-films. Re-
markably, θk reaches 4◦ for the thicker optimized structure
with a small 8 meV bias. Ignoring the sign difference, the
MOKE spectra also scales up uniformly in this small-bias
regime with the Ef=0 results in Fig. 6. The related reflec-
tivity changes in 6 (b) and (c) are quite small and not notable.
Finally, since thin-film growth can be prone to errors during
the material deposition process, it is important to analyse how
the TI;AFM device would behave with notable errors in the
film thicknesses. In Fig. 7, the maximum Kerr rotation angle
(θmaxk ) is shown as a function of Fermi energy with ± 5 %
thickness-errors. Here d±N(B) denotes ± 5% deviation from
the optimized dN(B). The right-axis in Fig. 7 shows the ω
at which θmaxk occurs. Nominally, the Kerr rotation is nearly
6 deg at an 7 meV bias for the error free case. While in the
best case, a + 5% error in the layer-thicknesses leads to an
enhancement of the MOKE with θmaxk ≈ 10 deg with a 12 to
14 meV bias. For the worst case, θmaxk is about 1 deg with
an 8 meV bias. This is very encouraging since a 1 deg Kerr
rotation is still quite large. This shows that even with errors in
layer growth near the resonance condition, it is still quite pos-
sible to observe a substantial anomalous MOKE signal by just
electrically tuning the TI:AFM. In addition this is the basis of
a very useful electro-optic device.
A notable feature is that ω(θmaxk ) increases in a dis-
tinct step-like manner. The step size depends on the film-
thicknesses and can be explained from Fig. 5. The MOKE
resonances only occur at higher harmonics of ωr (where ωr ≡
ω(θmaxk ) at Ef = 0). As the Fermi level sweeps the Dirac-
cone conduction band, θmaxk tends to shift to higher ω, due to
steadily declining optical transitions. However, because of the
thin-film structure, θmaxk can only jump to a higher harmonic
of ωr as shown in Fig. 5(b), which leads to the ω(θmaxk ) steps
in Fig. 7.
In summary, the MOKE arising from a thin film NiO /
Bi2Se3 heterolayer structure displays very interesting physi-
cal properties with potentially important device applications.
Experimentally measurable Kerr rotations arise in the AFM-
TI structure even though neither the AFM nor the TI have any
net magnetization. The collinear AFM’s proximity to one of
the TI surfaces leads to the breaking of both time reversal
symmetry and inversion symmetry. This results in a small
but observable MOKE signature. The polar-MOKE geome-
try is best suited for observing this effect, since the light is
incident on the AFM-TI interface. This small MOKE can be
enhanced 5 orders of magnitude by optimizing the AFM and
TI film thicknesses, which leads to a cavity resonance condi-
tion where the AFM and the substrate form a natural cavity.
For slightly off-resonant structures, a 6 deg Kerr rotation can
be obtained by varying the Fermi energy. This is encouraging
for practical low power devices as the Fermi energy has to be
varied by less than 20 meV. We further show that this simple
structure is resilient to 5 % material growth error. Overall this
can lead to practical low-power spintronics, fast electro-optic
switches, magneto-optic memory and gate controlled optical-
isolators. This device is simple to grow, there is no magnetic
doping required, it is planar, compact and free of stray mag-
netic magnetization and external magnets.
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